Different nonlinear models were evaluated as candidates to describe ruminal degradation kinetics of forages from data obtained by the incubation of the feeds in the rumen using polyester bags. Nine models were used: segmented model with three straight lines (Mod0); simple Mitscherlich or exponential (Mod1); inverse polynomial (Mod2); compartmental model with two exponential terms (Mod3); generalized Mitscherlich (Mod4); generalized Michaelis-Menten (Mod5); logistic (Mod6); Gompertz (Mod7); and generalized Von Bertalanffy (Mod8). All these models can be represented in the general form D = W + S 0 × F( t) , where D is in situ disappearance at incubation time t, W and S 0 are positive scalars, and F is a positive monotonically increasing function unique to each of the models studied. Based on first principles, a general formula for calculating the extent of degradation of feeds in the rumen has been derived that is applicable to all the models. The disappearance curves of different feed components (DM, N, and NDF) of 87 Mediterranean forages (i.e., a total of 261 curves) were fitted to all the models. A comparative study was carried out based on the mathematical, statistical, and biological characteristics of the models. Flexible models that can accommodate both diminishing returns and sigmoidal behavior were more appropriate in describing the curves. A discrete-lag parameter was introduced into Mod0, Mod1, and Mod2 to describe the initial stage of the disappearance curve, and this parameter considerably improved the fit of experimental data. Based on statistical criteria, models Mod1, Mod4, Mod5, and Mod8 were better than the others for most statistical tests and disappearance curves, but differences among these four models were not consistent. The estimates of degradation parameters to quantify the rate (halflife, fractional degradation rate), and extent (undegradable fraction, effective degradability) of ruminal degradation of feeds were also used as a means to discriminate between models, although in most cases all of the models gave similar values of the degradation parameters. In particular, when the extent of degradation was calculated for each forage and feed component, differences between the estimates obtained with the different models were of little nutritional significance for the animal.
Introduction
The in situ polyester bag technique (Ørskov et al., 1980) has been one of the methods most extensively used for feed evaluation in ruminant nutrition. Timecourse disappearance curves for each substrate are used to evaluate the kinetics of degradation of feeds in the rumen, by assuming that disappearance from the bag equals degradation in the rumen. A means of correcting disappearance for particle loss has been suggested by López et al. (1994) and France et al. (1997) . The integration of kinetic parameters for degradation and passage allows the extent of degradation of the different nutritional entities of the feeds to be estimated (Ørskov and McDonald, 1979; France et al., 1990) . This approach has been adopted by the most extensively used ruminant feeding systems to estimate the energy and protein values of feeds and their digestive utilization by the animals (AFRC, 1993; NRC, 1996) . Therefore, accurate estimates of degradation parameters are required for incorporation into feeding systems.
A number of methodological factors affecting the experimental measurements of in situ disappearance of feed samples have received due attention (Nocek, 1988; Huntington and Givens, 1995) , but little information is available on the choice of the mathematical model used to fit the curves and estimate rumen degradation parameters. The Mitscherlich equation proposed by Ørskov and McDonald (1979) is commonly used, and others have been suggested (e.g., Robinson et al., 1986; France et al., 1990; Dhanoa et al., 1995) . However, there is no satisfactory comparative information on the ability of the different equations to describe in situ substrate disappearance over time. The objective of the present work, therefore, was to evaluate and compare the ability of several mathematical models to describe in situ disappearance curves, obtained with forages, and to give adequate estimates of the parameters needed to determine extent of ruminal degradation.
Materials and Methods

Samples
A total of 87 ruminant feed samples, all of them Mediterranean forages obtained from northwestern Spain, were used in this analysis. For the description of the samples, they have been grouped in four sets on the basis of origin. Set No. 1 included samples of grasses, legumes, and "weeds" obtained by botanical separation of herbage collected from a permanent meadow cut in late June (toward the end of the plants' primary growth) and again in early September after the summer regrowth (López et al., 1991a) . Thus, this set consisted of six samples for three botanical groups in two harvest seasons. Set No. 2 comprised samples of 15 forages collected from local farms and can be considered as representative of those produced under practical conditions in northwestern Spain (Carro et al., 1991) . The forages were six hays harvested from permanent mountain (between 900 and 1,300 m elevation) meadows (four harvested in late June, the other two in mid-September), two hays from pure stand legumes (alfalfa and red clover), two ryegrass hays, three hays from mixed sown grasslands (grass-clover mixture, mixed grass sward, and vetchcereal mixture), one barley straw, and one maize silage. Set No. 3 was obtained from a fertilization experiment and consisted of 36 hay samples collected from a permanent meadow that had been divided into 18 plots, and each of them had received a different mineral fertilizer (different nitrogen, phosphorus, and potassium combinations) for the last 10 yr. All the plots were cut in late June and again in early September, and one sample for each plot in each harvest season was air-dried, resulting in the 36 hay samples (Gonzalez et al., 1994) . Samples of set No. 4 were obtained from another experiment carried out in a permanent meadow that had been divided into five plots. Each plot received a different mixture of cattle manure and mineral phosphorus fertilizer, and all of them were cut twice: in late June and in early September. For each plot and harvest season, three samples of approximately 10 kg were taken and preserved by different conservation methods: suncured (hay), fresh (freeze-dried), and silage (ensiled in plastic bags). Thus, this set consisted of 30 forage samples, covering five plots in the meadow (each with a different fertilization treatment), two harvest seasons, and three conservation methods (López et al., 1991b) .
In Situ Procedure
Samples of each forage to be incubated in the rumen were ground through a 2.5-mm sieve using a laboratory mill. Before grinding, samples with a high moisture content (fresh herbage and silage) had been freeze-dried. The procedure to measure in situ disappearance has been described in detail by Carro et al. (1991) and López et al. (1991a) . Incubations were carried out in three adult Churra ewes fitted with permanent ruminal cannulas and fed a good-quality hay (approximately 1 kg daily). Polyester bags were 12.5 × 10 cm in size with a pore size of 50 × 27 mm. Approximately 5 g of sample was placed in each bag, and bags were incubated in the rumen of each of the three sheep for periods of 3, 6, 9, 15, 24, 48, and 72 h. As soon as the bags were removed from the rumen, they were washed thoroughly under running cold water for 2 min and then washed in the cold rinse cycle (20 min) of a washing machine. Zero-time wash values were measured by washing two bags per forage as described above without previous incubation in the rumen. Forage samples and incubation residues were analyzed to determine N and NDF.
In Situ Disappearance Curves
The disappearance of DM, N, and NDF was recorded at each incubation period for each of 87 forages, yielding a total of 261 disappearance curves. Curves were grouped according to the nutritional substrate analyzed (DM, N, or NDF), giving three data sets of 87 curves each, to determine whether the 
Segmented model with three spline-lines delimited by two nodes or break points, constraining splines 1 and 3 to be horizontal asymptotes (France et al., 1990 
Simple negative exponential curve (monomolecular, Mitscherlich, or first-order kinetics model) with lag phase (Ørskov and McDonald, 1979) Mod2
by-linear) model with lag phase, which is a rectangular hyperbola. Also known as the Michaelis-Menten model in enzyme kinetics (France et al., 1990 ) Sigmoidal models
Lag compartment model, in which lag and degradation are considered compartments both represented by firstorder kinetics (Van Milgen et al., 1991) Mod4
, with the addition of a square root time dependence component (Dhanoa et al., 1995) Mod5
(results in Mod2 for c = 1) (France et al., 1998) Mod6
Ordinary logistic, autocatalytic or inverse exponential curve, symmetrical about an inflection point M, which can be calculated from K = exp (cM) (France et al., 1990) Mod7
Gompertz curve, asymmetrical about an inflection point M, which can be calculated from K = exp[−exp (cM)] (France et al., 1990) 
Mod8
( 1 − e − ct ) 1/v Generalized Von Bertalanffy or Pü tter No. 2 (Ricker, 1979) models exhibited a different behavior in describing the disappearance curves of the different feed components. The substrate disappearance data recorded for each of the three sheep were assigned to the same curve and used as replicate observations within each disappearance profile to estimate pure error variance and perform a lack-of-fit test (Draper and Smith, 1981) . Thus, each curve consisted of 22 observations: disappearance recorded in each of three sheep over seven incubation periods plus the zero-time wash value.
Mathematical Models
Let in situ disappearance ( D, g/g incubated) be represented by:
where W and S 0 are positive scalars, F is a positive monotonically increasing function within the range [0,1] (asymptote at F = 1), and t is incubation time ( h ) . The W is the intercept and represents the fraction that instantaneously disappears from the bag, whereas S 0 is the fraction that is potentially degraded over time. Nine alternative functions commonly used to describe ruminal degradation and asymptotic growth were considered as candidates for F (Table 1) . The nine models were: segmented model with three straight lines ( Mod0) ; simple Mitscherlich or exponential ( Mod1) ; inverse polynomial ( Mod2) ; compartmental model with two exponential terms ( Mod3) ; generalized Mitscherlich ( Mod4) ; generalized Michaelis-Menten ( Mod5) ; logistic ( Mod6) ; Gompertz ( Mod7) ; and generalized Von Bertalanffy ( Mod8) . All the models in use may be written with a variety of different parameters and in different ways. Equation [1] can be rearranged to fit the quantity of potentially degradable substrate remaining in the bag at any time t during the incubation ( S, g/g incubated), giving:
[2]
Functions were classified according to their general behavior into diminishing returns or sigmoidal functions, although some models can describe both types of behavior depending on the values of certain parameters (France et al., 1996) . The Mod0, which 
includes three spline-lines, also represents diminishing returns behavior. The function used for this model was given an abrupt cutoff at F = 1, which yields a curve mimicking asymptotic disappearance. A discrete-lag parameter ( L) was included in models with diminishing returns behavior to represent the time interval before degradation commences ( F = 0 for t ≤ L) . This parameter was also included in Mod4; otherwise, the function has a mathematical discontinuity at t = 0 (Dhanoa et al., 1995) . The discrete-lag parameter was not present in the other models showing sigmoidal behavior assuming that the lag process is implied in the initial concave part of the curve, which represents a phase of increasing degradation rate.
Data were fitted to each model by nonlinear regression using the NLIN procedure of the SAS (1988) package. Several possible starting values were specified for each parameter, so that the NLIN procedure evaluates the model at each combination of initial values on the grid, using for the first iteration of the fitting process the combination yielding the smallest residual sum of squares. A copy of SAS programs to fit experimental data to each model by nonlinear regression is available from the authors.
Ruminal Degradation Parameters
It can be assumed that degradation in the rumen follows first-order-type kinetics with a fractional degradation rate ( m) that is a function of the incubation time (Dhanoa et al., 1995; Van Milgen and Baumont, 1995; France et al., 1998) and can be calculated using Eq. [2] as:
This results in different expressions for m for each of the candidate functions (Table 2) , which can be interpreted mechanistically assuming that degradation in the rumen is subjected to the general principles applied to other biological, physical, or chemical processes. Withstanding the particular interpretation for each model, this approach allows the calculation of a number of degradation parameters that are of special interest to ruminant nutritionists. Thus, two parameters related to rate of degradation (half-life and m at half-life) and two parameters that quantify the extent of ruminal degradation (undegradable fraction and actual extent of degradation for a given passage rate) were calculated for each model and disappearance profile, and a comparative analysis was conducted.
Half-life ( t Ø ) is the time at which half of the fraction S 0 has disappeared from the bag, and it is calculated as the time at which F = 1/2. This can be calculated for almost all the models (Table 2 ) from the equations given in Table 1 , but with Mod3 no simple expression can be derived. For Mod3, it was considered that 1/l − [ln(1/2)]/c was a good approximation 1/l would be an estimate of the mean lag time) to the parameter t Ø .
Fractional degradation rate at half-life ( m Ø ) for each candidate model ( Any substrate incubated can be fractionated into W, S 0 , and the undegradable fraction U 0 . The U 0 is the quantity that will remain undegraded in the bag after infinite incubation time. In the rumen, U 0 will disappear only by passage to the omasum. The U 0 was determined as one minus asymptotic disappearance (i.e., 1 − W − S 0 ) .
Rates of degradation and passage can be combined to calculate the extent of degradation (effective degradability) of the substrate in the rumen (France et al., 1990; Dhanoa et al., 1995) . In the rumen, if S is the amount of potentially degradable substrate remaining that is subjected to both passage and degradation, the rate of disappearance of S is given by:
where k (h −1 ) is the fractional rate of passage or the inverse of the mean retention time in the rumen of the substrate escaping degradation. This constant can be obtained by using any available model for passage kinetics. To obtain S, the solutions of these differential equations are: by integration of [4a]:
[5b]
i.e.,
Using Eq.
[3] and [6] and given a value for k, the extent of degradation in the rumen ( E, g degraded/g ingested) is given with the equation:
where
as F = 0 when t = L and e −kt = 0 when t = ∞, and thus (
integration if there is no analytical solution. Indeed, this integral had a simple analytical solution only for models Mod0 and Mod1 and had to be determined by numerical integration using, for example, the AREA function of GENSTAT (based on cubic interpolation) (Genstat 5 Committee, 1987) for all the other models. For all the models and feeds, E was calculated using k values of .033 h −1 (mean value for sheep fed on forages at a level of intake close to maintenance) and of .067 h −1 . It should be noted that Eq.
[9] provides a general formula for calculating the extent of degradation, which is applicable to any model expressed in the form of Eq. [1].
Statistical Analyses
All the disappearance curves were fitted to the growth model proposed by Schnute (1981) in order to perform the t-test suggested by this author. The test permits one to decide which growth function is appropriate to fit experimental data (Schnute, 1981; Zwietering et al., 1990 ). The Schnute model was fitted using the procedure FITSCHNUTE of GENSTAT (Genstat 5 Committee, 1987) .
To evaluate the ability of each model to describe the data without systematically over-or under-estimating any section of the curve, the number of runs of sign of the residuals (Motulsky and Ransnas, 1987) was calculated. A run is a sequence of residuals with the same sign (positive or negative). For this test, the average residual of replicate observations was used for each incubation time. A number of statistics were used to evaluate general goodness-of-fit of each model. Proportion of variation accounted for ( R 2 ) was calculated as 1-RMS/ , where RMS is the residual mean s y 2 square, and is the total variance of the y-variable. s y 2 Also, the lack-of-fit test described by Draper and Smith (1981) was performed. For this test, the residual variance is partitioned, and a significant lackof-fit occurs in profiles for which the variance attributed to lack of fit significantly exceeds the pure error variance (Draper and Smith, 1981) . The residual variation was also partitioned into overall bias, slope deviation, and random variation using mean square prediction error ( MSPE) analysis (Bibby and Toutenburg, 1977) to determine whether the partition of the MSPE was similar in all the models. To calculate the mean rank of the RMS, the models were sorted for each disappearance curve according to their RMS values, so that the model with the smallest RMS for that curve was given rank 1, assigning rank 9 to the model showing the greatest RMS. Then ranks for each model were averaged across all the disappearance curves for each feed component.
Mean RMS attributed to lack-of-fit and ruminal degradation parameters ( t Ø , m Ø , U 0 , and E) were compared by ANOVA using the GLM procedure of SAS (1988) . Comparisons were undertaken within each feed component, and the model for the ANOVA contained effects of disappearance curve (df = 86) and nonlinear model (df = 8). The MSPE analysis (Bibby and Toutenburg, 1977) was also performed to calculate the mean prediction error (square root of the MSPE), as a measure of the degree of the discrepancy (error) between two models in the estimation of E for the different forages used. Other statistics were used to evaluate the similarity between models in the ranking of forages according to the degradation parameters using the Spearman rank correlation coefficient (SAS, 1988) and, to measure the degree of reproducibility among models in the parameters estimates, the concordance correlation coefficient (Lin, 1989) was used. Table 3 shows the range (average, minimum, and maximum values) in chemical composition and in ruminal degradation parameters for each feed component across the 87 forages. Parameters were those estimated by Mod4, which has been already evaluated by our group to fit disappearance curves (Dhanoa et al., 1995) . The DM, N, and NDF disappearance curves are illustrated in Figures 1a, b , and c, respectively, which are plots of all the observed disappearance data across the 87 forages against incubation times, to show the large variability of feeds used for this comparison of models. Table 4 shows the number of curves that would be appropriately described by different growth functions according to the t-test suggested by Schnute (1981) . The test was proposed to compare statistically the data fits obtained with various models, allowing direct use of the data in selecting an appropriate growth function systematically. Functions representing an asymptotic disappearance (exponential, logistic, Gompertz, and Von Bertalanffy) seemed to be appropriate in most cases and were accepted by the t-test for a high percentage of DM and N disappearance curves (Table 4) . For the NDF disappearance curves, the ttest gave a better discrimination of models, because the Von Bertalanffy model was acceptable for all the fitted curves, but the Gompertz was not acceptable in 36% of the cases, and the logistic in 77% (Table 4) .
Results
Test Feeds
Model Behavior
Most curves could be fitted by all the models using nonlinear regression and utilizing the PROC NLIN of SAS (1988) , because convergence to a solution was reached for most of the 261 fitted curves. The Mod6 (logistic) showed the highest number of curves that failed to converge (20 out of 261). The Mod0 could not be fitted in nine cases, but with the other models the convergence criterion was met for at least 98.5% of the cases. However, despite this generally good behavior of the models in converging to a solution, in some instances the solution could not be considered satisfac- tory, because some problems were reported in their solution outputs. The most common problem was when the SE for the estimates of one or more parameters could not be assessed, resulting in singularity of the Jacobian matrix, and consequently in high correlation between the nonlinear parameters, giving an inconsistent solution with large SE for the other parameters. In most cases, this problem was detected when the final estimate for one of the parameters approached a prescribed limit. For instance, in Mod0, Mod1, and Mod2 the lag parameter was constrained to be nonnegative, and when the solution tended to a negative value for this parameter, the final estimate that gave the best fit was that in which the value for the parameter was zero (Table 5) , and no SE could be assessed for that value. In those cases, a reliable solution was obtained by fitting the model omitting the lag ( L) parameter. For Mod4, when this problem was detected (Table 5 ) the lag parameter was prescribed to be a small positive value (i.e., .001), because values of L ≤ 0 are unacceptable for this model. Similar problems were detected with Mod4 when parameter c tended to be ≤ 0, and with Mod3 when parameter l tended to be positive infinite or when l tended to equal c (Van Milgen et al., 1991) . When fitting all the models to some NDF disappearance curves, parameter W tended to be negative, which is unacceptable, so the final estimate of the parameter was zero, which can be considered as a prescribed limit and, thus, its SE could not be assessed. Finally, models Mod0 and Mod6 showed particular fitting problems. The Mod6 failed to converge, and error messages were reported when parameter K tended to zero. This parameter cannot be omitted in the model, because it will result in Mod1. With Mod0, error messages were obtained for 65% of the curves fitted, indicating that the final solution cannot be considered consistent. A detailed inspection of the fitting problems showed that in all the failing cases one or two parameter estimates were prescribed limits ( L = 0; W = observed wash value) and that final estimates were sensitive to initial values (solution was different when initial values of the parameters were changed). In this study the range of possible starting values for each parameter was selected by inspecting the final estimates for each parameter obtained with curves that were fitted without problems, checking the uniqueness of that solution by changing the initial parameter estimates. It can be accepted that this selection of initial parameter estimates for the nonlinear modeling process was the most appropriate to achieve a reliable solution for most data sets. Under these circumstances, further sensitivity to starting values, nonconvergence, or convergence after a large number of iterations was considered symptomatic of an ill-conditioned (parameter values tending to 0 or to biologically unacceptable values, e.g. L < 0 ) or inappropriate model. The behavior of models Mod3 to Mod8 as sigmoidal or diminishing returns is also presented in Table 5 . For Mod3, diminishing returns behavior was observed when l tended to positive infinity, evolving into a nonlagged exponential model (Mod1). The Mod4, Mod5, and Mod8 had sigmoidal behavior in most cases, although with Mod4 a discrete lag could lead to a hyperbolic shape for the part of the curve where t > L. The Gompertz and logistic showed a significant number of cases with nonsigmoidal behavior. With these models, parameter K results from transformations of the original logistic and Gompertz models into simpler forms Mod6 and Mod7 (Table 1) , respectively, which allow for better computational analysis. However, this parameter has to be constrained because for some values it would result in equations representing models that are not logistic or Gompertz functions. Thus, K values greater than unity in Mod7 are unacceptable, although these were obtained for some curves as result of the best fit (Table 5 ). The same for Mod6, when K = 0 the model evolved to a negative exponential (Mod1) with no lag. Final estimates out of bounds for this parameter indicate that the original Gompertz and logistic have not actually been fitted, although a solution has been achieved.
Statistical Evaluation
The number of runs of sign from fitting Mod0 tended to be small (Table 6) , with a high percentage of curves with three or fewer runs, indicating systematic under-or overestimation of the observed values. With all the other models, the number of runs tended to be higher (Table 6 ) as result of a random distribution of the residuals over the incubation times. This was confirmed by examining the plots of residuals vs time for each disappearance curve and model (figures not shown). Models could not be discriminated by this criterion, because all of them but Mod0 showed a similar pattern of residual behavior.
Some of the statistical parameters defining the goodness-of-fit of each model to the disappearance curves for each chemical component are shown in Table 7 . The values of R 2 (maximum and minimum) indicate that the proportion of variation explained was in general high for all the models. The models seemed to fit the DM disappearance curves better than those for in situ N or NDF disappearance, because the minimum values of R 2 were higher for the DM profiles. But R 2 was in most cases close to unity (the variance ratio or F-test reached a high level of significance for all the curves and models) and could be used only as an overall measure of fit rather than as a basis for model comparison. The lack-of-fit test (Draper and Smith, 1981) allowed better discrimination among models (Table 7) . Models seemed to fit DM and NDF disappearance curves better, because the number of curves with significant lack-of-fit was greater for N disappearance curves. The Mod4 always showed the smallest number of curves with a significant lack-of-fit, whereas Mod0 was the worst using this criterion. The Mod5 and Mod8 were, with Mod4, the models with fewer cases of significant lack-of-fit. A similar trend was observed when the mean rank of the RMS was used ( Table 7) . The lower mean ranks corresponded to models Mod1, Mod4, Mod5, and Mod8, with Mod0 and Mod2 ranking the highest. The smallest RMS was observed in many curves with Mod2, but with this model a high number of curves with the largest RMS was also found.
Multiple comparison of mean values of RMS attributed to lack-of-fit for each model using the LSD test is presented in Table 8 . The Mod4 was the only one in the group of models with the lower mean RMS for all the three feed components. The Mod1 and Mod5 also showed small mean RMS values and in some cases were not significantly different ( P > .05) from Mod4. Models Mod0, Mod2, Mod3, Mod6, and Mod7 showed higher mean RMS than the models mentioned above, whereas Mod8 was intermediate.
Estimates of Degradation Parameters
Results of the ANOVA performed to check whether the use of different models resulted in similar or different estimates of the degradation parameters are shown in Table 9 . Results presented are only for the DM degradation parameters, because those obtained for N and NDF were similar. The Mod2 and, to a lesser extent, Mod5 gave significantly higher estimates of t Ø than the other models. Estimates of t Ø obtained with all the other models were similar, with small differences between all the values that are likely to be of little biological significance. There were also significant differences between models in the estimates of m Ø . This parameter was significantly higher with Mod0 and lower with Mod2 in most cases. The Mod5 gave m Ø values higher than Mod2 but still lower than the other models. Apart from these three models, all the others yielded similar mean m Ø values, with a variation among them that was less than 5%.
The Mod2 and Mod5 gave lower estimates of the undegradable fraction ( U 0 ) than any other model. It is possible that these models actually underestimate that fraction, because the values obtained were Table 7 . Maximum and minimum proportion of variation accounted for (R 2 ), percentage of curves in which the residual mean of squares (RMS) attributable to lack-of-fit of the model was significant (P < .05), mean rank of the RMS and percentage of curves for which the model showed the largest and the smallest RMS significantly lower than the 72-h incubation residue, and with Mod2 negative estimates of U 0 were obtained for a few disappearance curves, which is biologically unacceptable. Of the other models, slightly higher estimates of U 0 were obtained with Mod0, whereas all the other models gave comparable values of that fraction. The estimates of the extent of degradation were slightly higher with Mod0, but the values obtained with all the other models were very similar. Comparisons between estimates of extent of degradation by the different models were also analyzed by calculating the pairwise mean prediction errors (square root of the MSPE), which were always small and never accounted for more than 1.5% of the average E values (Table 10) . Spearman rank and concordance correlation coefficients for the parameters t Ø and U 0 are given in Table  11 . All the Spearman correlation coefficients were significant ( P < .001) and close to unity in most cases (only some coefficients between Mod2 and other models for the parameter U 0 were less than .9). This indicates that forages are ranked in a very similar order according to the parameter estimates obtained with any of the models. Concordance correlation coefficients were also always significant ( P < .001), but coefficients between Mod2 or Mod5 and all the other models tended to be lower than unity, confirming the discrepancies between these two and the other models in the estimates of t Ø and U 0 that had been observed in the comparison of the mean values obtained by ANOVA. Pairwise Spearman rank correlation and concordance correlation coefficients among models for the extent of DM degradation in the rumen were always significant (always higher than .994 and .995, respectively).
Discussion
All the models used in this study can be derived from biological hypotheses on the degradation processes taking place in the rumen and have been Table 1 for details).
b,c,d,e,f,g Within the same column, means lacking a common superscript letter differ ( P < .05). described in the literature as solutions to compartmental schemes for ruminal degradation. The models may represent a variety of possible kinetic processes: zero-order degradation kinetics in Mod0; first-order kinetics in Mod1; second-order kinetics in Mod2 (Robinson et al., 1986; France et al., 1990) ; first-order degradation kinetics combined with a first-order lag process in Mod3 (Van Milgen et al., 1991) ; and fractional degradation rates varying with time in Mod4 (Dhanoa et al., 1995) , Mod5, and Mod6 (France et al., 1998) . Conversely, some of the models (Mod6, Mod7, and Mod8) are classical growth functions (Ricker, 1979) and can be used, by similarity in the curve's shape, to describe disappearance profiles. Although initially this seems simply an empirical approach, some biological hypotheses underlying the kinetics represented by these sigmoidal models have been proposed by France et al. (1990) . We have shown that all the models used in this study can be derived from a concise biological principle assuming that ruminal degradation is a quasi-first-order kinetics process, each model resulting from a particular expression for the fractional degradation rate ( m) . This specific rate can be constant, as in Mod1, or can vary with time according to different functions, as the solutions of Eq.
[3] in each case (Table 2) . Detailed kinetic derivation of each model and analysis of the implications of using the different functions for m are beyond the scope of this study. However, to decide which of the mechanisms represented by the different models can be the most appropriate to describe the biological process, it can be important to check the ability of each model to fit experimental data and to yield appropriate estimates of the degradation parameters. The final purpose of this modeling is to obtain estimates of the extent of degradation of feeds in the rumen from the in situ disappearance curves. It is worth noting that, based on first principles, we have derived a general formula to calculate this parameter, valid for any mathematical model in the form of Eq.
[1]. The resulting estimates of ruminal degradability can be used by current feeding systems for ruminants. There is not a single, simple method to evaluate similarities and differences between nonlinear models and to deal with the question of which model should be used. Usually a number of procedures are used to obtain an overall view of the models' behavior and to choose the one that is more consistent for most of the tests performed. The main statistical procedures used for model comparison are residuals analysis and tests Table 10 . Pairwise mean prediction error between estimates of the extent of DM degradation in the rumen (for k = .067 in the upper diagonal and for k = .033 in the lower diagonal) for the different models a Models are: segmented model with three straight lines (Mod0); simple Mitscherlich or exponential (Mod1); inverse polynomial (Mod2); compartmental model with two exponential terms (Mod3); generalized Mitscherlich (Mod4); generalized Michaelis-Menten (Mod5); logistic (Mod6); Gompertz (Mod7); and generalized Von Bertalanffy (Mod8) (see Table 1 for goodness-of-fit, but selection of a model to explain a particular set of data should not be based entirely on statistical measures (Motulsky and Ransnas, 1987) . In this work, the comparison of the models was carried out according to three criteria: model behavior when fitting the curves using nonlinear regression, statistical performance, and comparison of biologically meaningful parameters estimated by each model.
Model Behavior
The Schnute t-test revealed that disappearance profiles can only be appropriately described by asymptotic models, although this could be in part overcome by using segmented models with an upper abrupt cutoff, as in Mod0. For many curves all the asymptotic models were applicable, and no significant discrimination could be observed. Nevertheless, Von Bertalanffy and the negative exponential tended to fit a few more curves than the other models.
Most of the models could be fitted by nonlinear regression without difficulty, but Mod0, Mod3, and Mod6 gave some particular problems. The Mod0 is a segmented model with two or three straight lines, and, thus, a sufficient number of observations are required in each segment to obtain a consistent solution. The Figure 1 . Plots of DM, N, and NDF in situ disappearance curves (each plot contains the curves of a total number of 87 forages; see text for details).
Mod3 was studied in detail by Van Milgen et al. (1991) , who already reported the same fitting problems mentioned above when l tended to positive infinity and when l equaled c. This is a significant flaw of the model, because both cases suggest that a different model is more appropriate for those profiles. The Mod6 and Mod7 (logistic and Gompertz, respectively) also seemed poor at describing disappearance profiles given the number of fitting problems. These models had to be reparameterized to avoid the problem of redundant variables (Motulsky and Ransnas, 1987) . These transformations improved numerical efficiency and significantly increased the number of curves in which convergence was obtained. However, some of the parameters in the new equations had final estimates that resulted in invalid expressions relating the transformed parameters to the original ones (negative logarithms). This suggests that models other than logistic and Gompertz would be more appropriate.
The high proportion of curves suited to sigmoidal description indicates that disappearance from the bag would follow this pattern of behavior rather than that of diminishing returns, and thus models that only represent the latter may be inappropriate to describe disappearance profiles. The simple exponential model seemed to be sufficient to describe the in situ disappearance curves for N. However, the kinetics of ruminal degradation of some feed components, particularly structural carbohydrates, exhibit a larger variety of forms than do those of N (Table 5) . Different numerical tests have been used to demonstrate the inadequacy of the exponential model to describe ruminal disappearance curves (Dhanoa et al., 1995; Van Milgen and Baumont, 1995) , suggesting that with some feeds (especially forages) the assumption that ruminal degradation follows simple firstorder kinetics may not be appropriate. The inclusion of the discrete-lag parameter in diminishing returns models simulates sigmoidal behavior, but it seems unlikely that no degradation occurs during the lag phase, and then starts instantaneously at that point, so any biological interpretation is more difficult (Van Milgen et al., 1991) . The lag models have been used as an approximation of sigmoidal behavior, but they are difficult to justify biologically. Some consideration has been given to considering the influence of microbial activity on degradation, taking into account that the specific microbial growth rate is affected by the amount of substrate that has been degraded (France et al., 1990) . Models derived from these principles link the substrate degradation to the microbial growth and allow for the estimation of the amount of microbial contamination in the residue at each incubation time (Mertens, 1993; Van Milgen and Baumont, 1995) . This can be important for the determination and interpretation of protein and DM degradation kinetics that may be complicated by the microbial contamination of the residues (Nocek, 1988) . Degradation models that incorporate microbial growth kinetics are by nature sigmoidal (France et al., 1990; Van Milgen and Baumont, 1995) , indicating the potential inadequacy of simple diminishing returns models to estimate the rate and extent of degradation (Mertens, 1993) .
Statistical Performance
Statistical performance led to some suggestions for the evaluation of models, although some tests did not allow for a significant ranking of the models. Generally, most of the statistical tests performed were consistent in rating the models, although sometimes results from different tests seemed contradictory, so that an overall assessment was required. For instance, Mod2 had the lowest RMS in more cases than any other model, but it also gave poor results in terms of number of profiles with the highest RMS and of rank of the mean RMS. In contrast, RMS obtained with Mod4 were not the smallest in many curves, but it seemed to have a more consistent behavior across all the curves, because it was in general the one with the lowest mean rank of RMS. According to the overall statistical analysis performed, it is evident that models Mod0, Mod2, Mod6, and Mod7 showed some deficiencies that were detected by one or another test.
Although these results are not shown, the MSPE analysis (partition into overall bias, slope deviation, and random variation) (Bibby and Toutenburg, 1977) identified the random component as accounting for most of the residual variation (more than 90% of the total MSPE in almost all the disappearance profiles). Therefore, comparisons between mean lack-of-fit RMS for each model across profiles could be performed because the partition of the residual variation was similar in all cases and models. The lack-of-fit RMS values varied significantly among models and provided a quantitative tool for model evaluation as a sensitive measure of the relative fit, quantifying the residual variation in relation to the number of parameters of each model.
To conduct a multiple comparison study, analysis of variance was performed to detect significant differences between models in the lack-of-fit RMS values. From this multiple comparison, a group of models comprising Mod1, Mod4, Mod5, and Mod8 seemed to be the best at describing the profiles in terms of goodness-of-fit. Of this group, Mod4 gave the best fit for DM and N disappearance profiles. The lack-of-fit variance was greater for NDF disappearance curves, and in this case RMS values obtained with Mod1, Mod4, Mod5, and Mod8 were significantly smaller than those obtained with the other models.
The Schnute model has been considered as probably the most complete for fish (Schnute, 1981) and microbial growth (Zwietering et al., 1990) . However, this model seems unsuitable to be applied for fitting disappearance profiles, because it is a very flexible model that can give fitted curves with shapes that are of impossible biological interpretation. Some other serious flaws of this model are that it is complex and requires a large number of data points and specific computational analysis for consistent fitting (Schnute, 1981) .
Criteria for choosing a model that is valid are initially statistical goodness-of-fit and convenience. But most statistical tests revealed only a general trend rather than significant differences between models in the goodness-of-fit (Robinson et al., 1986; Van Milgen and Baumont, 1995) . Generally, all the models studied were valid for most disappearance curves, and it cannot be concluded that the fit with one model was significantly better than that with the others. In particular, using only pure statistical criteria, it would be almost impossible to select a model from Mod1, Mod4, Mod5, and Mod8 for general use to describe in situ disappearance curves for forages. The difficulty to discriminate between models based on statistical fitting may be due to the fact that most statistical tests for goodness-of-fit have been designed for linear models and are of limited value for the comparison between nonlinear models (Draper and Smith, 1981; Motulsky and Ransnas, 1987) . A greater number of incubation points in the curves may be necessary to compare different models (Van Milgen and Baumont, 1995) . The objective of the present study was to compare different models to fit curves recorded under normal experimental conditions, with a number and a distribution of incubation points and of replicates that are currently used by most researchers.
Comparison of Degradation Parameters
The comparison between parameter estimates indicates that however the models have performed in terms of statistical fitting, most of them will give similar estimates of the degradation parameters. Two models (Mod2 and Mod5) yielded substantially different estimates of t Ø , m Ø , and the undegradable fraction than did the other models. The Mod2 is a special case of Mod5 (when c = 1 ) and was not in the best group in terms of statistical goodness-of-fit. However, the generalized Michaelis-Menten (Mod5) seemed to be a good alternative to describe disappearance profiles, because it was one of the best in terms of fitting, but the likely underestimation of the undegradable fraction with this model would be an important drawback preventing its use.
It must be stressed that the estimations of the actual extent of degradation calculated for different passage rates were not affected by the model used to obtain the constants to derive that quantity. Only Mod0 seemed to yield estimates of E slightly higher than the other models, but, even so, differences among models were never greater than 1.5%, which would be of little nutritional significance for the animal and negligible from a practical point of view. Ørskov and McDonald (1979) derived an expression to calculate the extent of degradation from the in situ disappearance curves combined with the passage rate. That expression is the analytical solution of Eq. [9] for the simple exponential Mod1 and has been extensively used in feed evaluation systems. Other models were initially difficult to use, because the expressions obtained for the calculation of the extent of degradation were integrals with no analytical solution.
Computational resources are currently much more accessible, and this parameter can be calculated for any model using numerical integration. This allows a more rational choice of model, based on the biological interpretation of the kinetics represented rather than on the criterion of simplicity alone. The actual extent of degradation is the critical parameter to be estimated because it is used to estimate the amount of substrate digested in the rumen, microbial synthesis, or rumen fill. The estimates of this parameter for each feed were very similar for all the models used in this study. The ability to obtain good estimates of other degradation parameters and the feasibility of each model to be incorporated into the feeding systems are also important in the choice of a model.
Implications
Some sigmoidal-type models (e.g., generalized Mitscherlich, generalized Michaelis-Menten, and Von Bertalanffy) provide useful alternatives for analyzing in situ disappearance curves to the most commonly used negative exponential (simple Mitscherlich). These models have the advantage of being versatile and able to cope with changing shapes of disappearance profiles from diminishing returns to sigmoidal curves with variable inflexion points, and they seem to represent the biological process in a more rational way than nonsigmoidal models. Although statistically appropriate, a simple exponential model contains inherent simplifications and assumptions that must differ from the in vivo situation. Estimates of the extent of degradation for various forages and feed components, and for different passage rates, calculated with various models, can be similar.
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